The Bale Mountains of Ethiopia represent the world's largest continuous extent of afroalpine habitat. With a peak combined density of over 8000 individuals/km 2 , the endemic giant mole rat Tachyoryctes macrocephalus, Blick's grass rat Arvicanthis blicki and the brush-furred mouse Lophuromys melanonyx are the dominant wild herbivores within this ecosystem and may be affected by the presence of high densities of domestic livestock. The purpose of this study was to establish whether these endemic rodent populations could respond to the removal of grazing pressure inside three 0.25 hectare livestock exclosures (paired with grazed control plots) and to determine whether such response was mediated through concomitant changes in the vegetation structure. We hypothesised that livestock grazing negatively affects endemic rodent populations through competition or increased predation risk and we predicted an increase in rodent biomass following the removal of grazing pressure. We found no evidence of rodent populations responding to the removal of livestock after fourteen months. The short-term nature of the experimental design, environmental fluctuations and the ecosystem's inherent stochasticity may explain the apparent lack of a significant response. However, while this study is inconclusive, it emphasises the need for more long-term experimental investigations to assess the effects of domestic grazers on vegetation and on dependent communities. The effects of rapidly increasing livestock numbers in the Bale Mountains will require continued close monitoring of vegetation and endemic animal communities as the afroalpine is altered by external biotic and abiotic forces [Current Zoology 57 (6): 741-750, 2011].
Livestock grazing is a powerful driver of plant population dynamics and community succession (Milchunas and Lauenroth, 1993; Fuhlendorf et al., 2001) , and influences the abundance and distribution of the animal communities inhabiting grasslands (Kruess and Tscharntke, 2002; Schmidt et al., 2005; Coppedge et al., 2008) . Contrasting effects of large herbivore grazing on smaller herbivores are often observed as herbivore assemblages may compete for food (Keesing, 1998; Keesing and Crawford, 2001) or facilitate one another (Bakker et al., 2009) rendering interactions between large herbivores and small mammals often species-specific (Steen et al., 2005) . High levels of livestock grazing may also affect the quality of the habitat suitable for the rodent community through a reduction in vegetation cover resulting in altered predation risks (Schmidt et al., 2005; Karmiris and Nastis, 2007; Bakker et al., 2009) .
The ecological importance of small mammals has been recognized in North American Van Nimwegen et al., 2008) and in Eurasian grasslands (Zhang et al., 2003; Bagchi et al., 2006) , but it has remained largely unexplored in tropical grasslands. While many studies in East African rangelands have looked at the dynamics of large wild herbivores in the presence of livestock (Low et al., 2009; Ogutu et al., 2009) , fewer have been conducted on the effects of land use (Eccard et al., 2000; Clausnitzer, 2003) or grazing by larger herbivores (wild or domestic) (Keesing, 1998; Keesing and Crawford, 2001; Bakker et al., 2009 ) on rodent communities, despite the importance of rodents in the ecosystems either as pest or prey (Rabui and Rose, 2004; Holt et al., 2006; Davis et al., 2008) . Small burrowing herbivorous mammals are known to play a major role in the natural functioning of grassland ecosystems. Herbivorous rodents can shape plant communities and influence their dynamics directly through defoliation or seed predation (Brown and Heske, 1990; Hulme, 1994) . For example, seedling predation by meadow voles Microtus pennsylvanicus plays an important role in the invasion of trees into old fields in the northeastern United States (Manson et al., 2001 ). Many rodent species are also ecosystem engineers, increasing landscape heterogeneity and (plant and animal) species diversity by creating unique patches of habitat that differ from the surrounding landscape Yoshihara et al., 2009) . The burrows of the Siberian marmot Marmota sibirica provide shelter and refuge to a variety of taxa, including carnivores such as corsac foxes Vulpes corsac on the Mongolian steppes (Murdoch et al., 2009 ). The bottom-up effect of small mammals on bird and mammal predators are well documented (Steen et al., 1990; Hanski et al., 1991; Korpimäki and Norrdahl, 1991; Torre et al., 2007) .
Ethiopia has the highest numbers of livestock in Africa with over 43 million cattle and 48 million caprines (FAO 2007) . Most livestock production (95%) in Ethiopia takes place on afroalpine grasslands (>3,000m above sea level) which are home to eleven species of endemic rodents (OARDB, 2007 1 ). The studies of small mammal assemblages in the afroalpine grasslands have mostly concentrated on distributions and population dynamics associated with geographical features like altitude and rainfall or vegetation (Yalden, 1988; Clausnitzer, 2003) .
The purpose of this study was to establish whether endemic afroalpine rodent populations could respond to the removal of grazing pressure inside livestock exclosures and to determine whether such response was mediated through concomitant changes in the vegetation structure. We hypothesise that livestock grazing negatively affects endemic rodent populations through competition or increased predation risk. Following the removal of grazing pressure inside livestock-proof exclosures, we predict an increase in rodent biomass. Furthermore, if livestock and rodents compete for food, we might expect an increase in rodent body weight, in the number of pregnant females and a decrease in home range size following the removal of livestock. By removing the livestock grazing pressure exerted on afroalpine pastures, we also expect a concomitant decrease in bareground cover and an increase in vegetation cover and height.
Materials and Methods

The afroalpine of the Bale Mountains
The Bale Mountains lie between 06°41'N, 39°03'E and 07°18'N, 40°00'E, in the southern highlands of Ethiopia. They represent the largest continuous area (over 1,000 km 2 ) of afroalpine habitat in Africa (Yalden, 1983) . The Bale afroalpine lies in the 1,000-1,400 mm annual rainfall zone. The climate of the afroalpine belt is influenced by desiccating north-easterly winds and orographic rains, showing a marked seasonality. Over 2/3 of the annual rainfall occurs between April-September (the wet season). The dry season, from October to March, is characterised by extremely cold nights and warm days (Hillman, 1986; Miehe and Miehe, 1994) . The afroalpine belt is characterised by sparse, short vegetation adapted to low rainfall, heavy frosts and desiccating winds during the dry season. Our study plots were located in the Web valley (07°00'N, 39°40'E, 3500 m above the sea level), an area of extensive marshes and swamps. Ecosystem engineers, such as the giant molerat (TM, Tachyoryctes macrocephalus), and cryoturbation keep the vegetation in permanent pioneer stages, dominated by short forbs and grasses (such as Alchemilla species (A. abyssinica, A. rothii, A. cyclophylla) , Polygonum plebejum, Trifolium acaule, Anthemis tigrensis and Poa muhavurensis) and dotted with Helichrysum shrubs (H. citrispinum, H. cymosum, H. gofense, H. slendidum) and Artemesia afra (Miehe and Miehe, 1994) .
The Bale Mountains have been under increasing pressure from a rapidly growing pastoralist population and their livestock (Vial, Sillero-Zubiri et al., 2011 (Vial, 2010) .
The rodents of the Bale Mountains
Rodents constitute the main natural grazers of the afroalpine and 15 of the 47 mammal species inhabiting the Bale Mountains are rodents. Among these, TM, Blick's grass rat (AB, Arvicanthis blicki) and the brush-furred mouse (LM, Lophuromys melanonyx) are endemics restricted to the southern highlands of Ethiopia (Yalden 1988) .
TM are large solitary rodents living in discrete burrow systems. They only emerge for less than an hour a day to collect vegetation from around their burrow entrance (Sillero-Zubiri et al., 1995) . TM have an important role in the afroalpine as ecosystem engineers, turning over the soil and maintaining the vegetation in a permanent pioneer stage (Yalden, 1985; Tallents, 2007) . Their distribution is restricted by thermoregulatory and burrowing requirements (they plug their burrow entrances with soil after use, and at night) with a present range probably limited to less than 1,000 km 2 of afroalpine habitat in the Bale Mountains. Nothing is known about their reproductive cycle and population dynamics. LM and AB are large diurnal and colonial rodents that often live in mixed colonies inside burrows. Active all year around, they mainly feed on the above-ground parts of herbs (such as Alchemilla spp.) (Yalden and Largen, 1992) . Although pregnant or lactating LM females are found throughout the year, they are most common during the first half of the wet season (average litter size 1-2). Proportions of juvenile in the population, by contrast, are highest from the late wet season (September) to late dry season (March). Reproduction in AB is most intense in the mid and late wet season (June to September), and, although reproduction continues throughout the year, it is lowest from January to March (average litter size 3-4). Proportions of juveniles peak at the beginning of the dry season (October) and decline through the remainder of the dry season and the wet season (Sillero-Zubiri, 1994) .
In the Web valley, these rodents can occur at high densities (range TM: 0-3263/km 2 ; LM: 0-19396/km 2 ;
AB: 0-10650/km 2 (Vial 2010) ) and are important components of the diet of Ethiopian wolves (Canis simensis, found at a density of around 1.2 wolf/km 2 (Sillero-Zubiri 1994)), and of a rarer but diverse guild of raptors.
Study plots
Exclosure studies are widely used to investigate the grazing impacts of ungulates on vegetation and animal communities by controlling ungulate access to plant resources. Several studies have explored the interactions between livestock and small herbivorous rodents using such exclosures; providing evidence for both decreases and increases in the abundance of rodents following the removal of ungulate grazing in multiple combinations of ungulate and rodent species: red deer Cervus elaphus and wood mice Apodemus sylvestris in Dutch deciduous forest (Smit et al., 2001) , sheep and field voles Microtus agrestis in a Norwegian alpine meadow (Steen et al., 2005) , sheep, cattle and field voles in Scottish upland meadows (Evans et al., 2006) , cattle and multiple rodent species in the American short grass steppe (Milchunas et al., 1998) , multiple ungulates versus multiple rodent species in African savannas (Hagenah, Prins et al., 2009 ) and cattle versus European rabbits Oryctolagus cuniculus and common voles Microtus arvalis in Dutch flood plain grasslands (Bakker et al., 2009 ).
Three 0.25 hectare livestock exclosures were built in March 2008 in the Web Valley, an area of high human and livestock density. All three exclosures were located on pastures dominated by grasses and Alchemilla herbs (therefore representative of the Web valley afroalpine) and paired with a control plot (open to livestock) of similar topography and vegetation composition. Exclosures were 1.6 m high and fenced all the way to the ground with strong metal netting (5cm mesh) and barbed wire. The resulting exclosures were livestock-proof (cattle, sheep/goats and horses/donkeys) and inhibited entry by Ethiopian wolves but not raptors. Exclosures were located between 2.4 and 3.4 km from each other and were paired with a control plot located between 300 and 1000 m away. Rodent and vegetation surveys were carried out before the construction of the exclosures on all plots (baseline data collected during a wet season), and repeated in July (wet season), November 2008 (dry season), March (dry season) and June 2009 (wet season) giving a total of 5 surveys.
Rodent field surveys
On each 40×40 m trapping grid (leaving a 5m buffer for grids located inside the exclosures), 25 folding Sherman live-traps (H. B. Sherman Traps, Florida, USA; model LFATDG, 12") were arranged at 10m intervals for live-trapping of LM and AB over four consecutive days on each survey occasion. Traps were set up at dawn, baited with a mixture of peanut butter and flour, checked at midday and at dusk when they were closed. Animals were given individual marks by fur clipping on their abdomen, weighed, sexed and the trap in which they were captured recorded. Reproductive condition was also recorded. All adult rodents (with the exception of pregnant females) were used to calculate the average weight of LM and AB within each grid. For every recapture event, the maximum straight-line distance between points of recapture, also known as the observed range length (ORL) (Stickell, 1954) was calculated. ORL has been shown to provide a reliable index of home-range size in small mammals (van der Ree and Bennett, 2003; Moorhouse et al., 2008) . TM rarely leaves their burrows, making them a difficult species to trap. As a result, data on TM body weight and movement could not be collected.
Modelling rodent abundance
Minimum TM abundance can be extrapolated from the number of open burrows as the latter correlates closely with minimum population size estimated from individuals simultaneously surfacing (Sillero-Zubiri et al., 1995; Tallents, 2007) . LM and AB population sizes were estimated from minimum number known alive. To reduce the negative bias inherent in this population estimate, a correction factor of 1.44 (95% CI: 1.20-1.68) was applied based on closed capture estimates from survey grids with a recapture probability of at least 25% using Rcapture (Baillargeon and Rivest, 2007) .
The effective trapping area for LM and AB was calculated by adding a boundary strip equivalent to half the mean distance moved between successive captures (Otis et al., 1978) . Population densities for LM and AB (individuals/km 2 ) were calculated using the bias-corrected population estimates for each species and the size of the effective trapping area. Population density for TM (individuals/km 2 ) was calculated using the extrapolation of minimum TM abundance and the size of the trapping area (i.e. 0.16 hectare since the size of the effective trapping area could not be computed for TM). Overall rodent biomass for all three species combined was calculated using the density estimate for each species and the mean body mass. LM and AB mean body masses were experimentally derived while mean body mass for TM was taken from Sillero-Zubiri (1994): mean 618 g ± 190 SD.
Vegetation field surveys
Twenty 1 m² quadrats were randomly placed inside each grid and plant species were identified. Percentage cover for all species and bareground was estimated using the mid-point coverage for each Braun-Blanquet scale, inside each random quadrat and averaged over all the quadrats to calculate the mean percentage cover for each grid. Vegetation height was visually estimated using a 1-5 scale (1 = 0/10 cm, 2 = 10/20 cm, 3 = 20/30 cm, 4 = 30/40 cm and 5≥40 cm). A mid-point value (e.g. 5cm for scale 1) for vegetation height was thus obtained inside each random quadrat and averaged over all the quadrats to calculate mean vegetation height for each grid.
Data analysis and model selection
Percentage cover data were arcsine-transformed before being analysed. The data were analysed in R with the package nlme (Pinheiro, Bares et al., 2009 ) using general linear mixed models with treatment (grazed/ ungrazed) as a fixed effect and plot (exclosure 1, control 1, exclosure 2 etc.) as a random effect since it is the unit inside which the response variables were repeatedly measured. Models were fitted using maximum likelihood. Appropriate diagnostic checks were conducted prior to model fitting and the assumptions of the test were met. Model residuals were plotted for each treatment and against fitted values. Heteroscadescity was dealt with by applying a square-root or log-transformation to the response variable before re-fitting models. P-values less than 0.05 were judged to demonstrate significance.
Results
The average trapping success was 17.9% (range: 0-50%) with 261 LM and 58 AB individuals trapped and 216 recapture events observed, giving an average recapture probability of 37.6% (range: 0-100%). The mean distance moved by rodents between recaptures was 17.08 m (n = 216, 95% CI 6.82-27.35) making the effective trapping area for each grid 2356.13 m². Rodent field measurements both inside the exclosures and on the control plots are summarised in Table 1 The removal of livestock did not result in a significant change in rodent biomass (t = 0.27, df = 4, P = 0.90), LM density (t = 0.27, df = 4, P = 0.80), AB density (t = 0.62, df = 4, P = 0.57) or TM density (t = −0.15, df = 4, P = 0.89) (Figure 1 ). Although rodent populations declined during the drier months (November to February) in both the exclosures and the control plots, overall rodent biomass and LM and AB densities tended to be higher inside the exclosures during the drier months, although TM populations did not follow this pattern. 
Impact of the removal of grazing pressure on rodent reproductive status, body weight and home range
In the presence of livestock, mean body masses for AB and LM during the wet season were 134 g ± 5 SE, and 112 g ± 3 SE respectively. LM individuals were lighter during the drier months with an average weight of 102 g ± 3 SE. No AB adults were trapped during the drier months (Table 1 ) so the effect of livestock removal on the reproduction status, body weight or home range of AB individuals could not be meaningfully tested. There were no significant differences in the body weight of non-pregnant adults LM (t = 0.72, df = 4, P = 0.51) between the exclosures and control plots following the removal of livestock.
In the presence of livestock, 32% (± 11 SE) and 59% (± 9 SE) of the females LM trapped were pregnant during the wet season and dry season respectively. The proportion of pregnant LM females was not affected by the removal of livestock (t = 0.82, df = 4, P = 0.46). In the presence of livestock, mean LM and AB observed range lengths during the wet season were estimated at 23m (± 2 SE) and 11m (± 1 SE) respectively. Observed range length for LM was not affected by the removal of livestock (t = -1.92, df = 2, P = 0.19).
Impact of the removal of grazing pressure on vegetation
Twenty-one plants were identified to species level, and an additional three to genus level, on our field plots. The flower structures necessary for identification of grasses were often not present, so all grasses were grouped together to estimate grass percentage cover. Alchemilla spp. (A. abyssinca and A. rothii) and grasses dominated the vegetation composition on all six plots (controls and exclosures) during the baseline survey (before the start of the treatment), followed by Helichrysum shrubs (H. citrispinum and H. gofense), Salvia merjamie and Hebenstretia dentate. The five plant groups above were used as indicators for the changes in vegetation cover for inclusion in the models. Alchemilla herbs and grasses are particularly relevant as the main components of the rodents diet and the effect of livestock removal on the height of these two plant groups was investigated. Vegetation field measurements both inside the exclosures and on the control plots are summarised in Table 2 .
Livestock removal did not have an effect on bareground cover (t = −0.54, df = 4, P = 0.62) or on the percentage cover of the five dominant plant groups: Alchemilla herbs (t = −0.19, df = 4, P = 0.86); grasses ( t = 0.09, df = 4, P = 0.94); Helichrysum shrubs ( t = −1.09, df = 4, P = 0.34), Salvia merjamie ( t = −0.16, df = 4, P = 0.88) and Hebenstretia dentate ( t = −0.57, df = 4, P = 0.60). We did not find that the height of Alchemilla herbs (t = 0.91, df = 4, P = 0.41) or grasses (t = 0.90, df = 4, P = 0.42) differed between the grazed and ungrazed plots. 
Discussion
With a peak combined density of over 8000 individuals/km 2 , the three species of rodents studied are of great ecological importance within this afroalpine ecosystem. LM is the most common diurnal rodent, followed by AB and TM, and populations of all three species appear to be seasonal, peaking during the wetter months (Table 1) . Overall, small-bodied rodents (AB and LM) are found at higher densities than the larger bodied TM, although the latter contributes a high proportion to the total rodent biomass. The data collected over the 14 months of this experiment do not provide evidence of recovery of rodent populations following the removal of livestock grazing pressure. Although rodent biomass declined during the drier months (October to March) in both the exclosures and control plots, the decline appeared more severe on the grazed control plots. This may indicate that livestock grazing during that critical period may have exacerbated the effects of difficult environmental conditions. The number of TM on the grazed plots appears to remain less variable than the number of smaller-bodied rodents (AB in particular), perhaps as a result of their superior ability to store food or seek shelter in their extensive burrow systems. Smaller rodents are often more vulnerable to habitat perturbation and increased predation risk (Eccard et al., 2000; Tabeni et al., 2007) .
The lack of a significant impact of livestock removal on our plots could reflect some limitations on our experimental design. Plots were only 0.25 ha in size and may not be adequate to evaluate the effects of livestock removal on the rodent populations (Mathis, Whitford et al., 2006) , and logistical limitations restricted the number of replicates to three. Similarly, the small size and isolation of ungrazed patches may not have provided big enough suitable habitats to detect significant differences in overall rodent use (Brown, 1987) . However, the mean distance moved by rodents between recaptures was 17.08 m (n = 216, 95% CI 6.82-27.35) or less than half the width of our trapping grids, perhaps implying that movement of individuals on and off the trapping grids were not common. As a result of their design, the exclosures have excluded the main predator of these rodent species, the Ethiopian wolf, in addition to livestock. However, raptors, another main predator for those diurnal rodents, had aerial access to the exclosures and were therefore unlikely to have been affected by the fences. The consumption of rodent biomass by Ethiopian wolves has been estimated at around 485 kg of rodents per km 2 per year , (less than 1 kg of rodent per trapping grid). While it is difficult to precisely quantify the degree to which the partial release from predators may have contributed to rodent population dynamics inside the livestock exclosures, we believe it is unlikely that this experimental side-effect was substantial.
The study would have benefited from being continued at least one more season in order to be able to exclude confounding seasonal effects of rodent biomasses. Furthermore, exclosure effects on plant species are often long-term effects that require several years of treatment (Valone and Sauter, 2005; Kraaij and Milton, 2006) . We found that the removal of livestock grazing pressure over 14 months did not lead to significant changes in vegetation composition and structure. Bareground cover tended to be lower inside the exclosures during the wetter months, perhaps suggesting that vegetation had enhanced capacities to respond to rainfall availability under ungrazed conditions. Trampling is known to affect the habitat quality for rodents by reducing soil bulk density (a process known as compaction) and its suitability for building and maintaining burrow systems (Torre et al., 2007) . Grazing by livestock can also modify the microtopography of an area (Nash et al., 2003) thereby affecting water redistribution (for example through a reduction in the infiltrability of the soil or an increase in surface run-off) or the establishment of plants. Such processes have been observed on other heavily grazed Ethiopian rangelands (Taddese et al., 2002; Tefera et al., 2007) , and may represent another threat to the endemic fossorial rodent populations in Bale.
The key conservation implications of this study relate to the endemic nature and functional role of the rodent populations in the afroalpine ecosystem as well as the indirect impact livestock grazing may have on their predators which are themselves rare and/or threatened. Rodents in Bale are likely to play as important a role as ecosystem engineers as plateau zokors Myospalax fontanierii on the alpine meadows of the Tibetan plateau (Zhang et al., 2003) , or pocket gophers (Geomys spp.) prairie dogs (Cynomis spp.) and kangaroo rats (Dipodomys spp.) in Northern American ranges (Reichman and Seabloom, 2002; Davidson and Lightfoot, 2006) . They have profound impacts on the afroalpine ecosystem from consuming vegetation to physically altering the soil, and maintaining an heterogeneity which may be important to community dynamics and biodiversity.
Environmental fluctuations such as variable rainfall and the ecosystem's inherent stochasticity may explain the apparent lack of observed response following livestock removal. Excluding livestock grazing on parts of Bale's Alchemilla/grass rangelands for 14 months did not benefit rodent populations, although this study perhaps illustrates the necessity to consider such management options at the landscape level (Kelt and Valone, 1995; Stohlgren et al., 1999) . The results may also indicate that degraded afroalpine rangelands may not necessarily recover following the removal of grazing pressure and that they may require active rehabilitation efforts to sustain natural processes (Souter and Milne, 2009) .
Despite the considerable logistical difficulty and effort required by this study, the lack of power underscores the difficulty and expense of conducting field research of this nature. Specifically we should be cautious in the interpretation of this negative result, and our study strongly suggests the need for more long-term experimental investigations to assess the effects of domestic grazers on vegetation and on dependent communities. In the presence of livestock, rodent biomass estimates for the Web valley from this study are lower than twenty years ago (Sillero-Zubiri et al., 1995) . The effects of increasing livestock numbers in the area on vegetation and endemic animal communities will require continued close monitoring as the afroalpine is altered by external biotic and abiotic forces. While currently inconclusive, this study emphasises the need for more long-term experimental investigations to assess the effects of domestic grazers on vegetation and on dependent communities.
